Abstract
Introduction

24
Evolutionary rescue refers to the process of rapid adaptation to prevent extinction in the face of 25 severe environmental change [Gomulkiewicz and Holt, 1995] . It is of particular interest in light of 26 recent environmental and climatic change, with the potential to lead to new conservation strate-27 gies [Ashley et al., 2003 ]. Evolutionary rescue also plays a major role in other fields of public 28 importance, such as the evolution of antibiotic or other treatment resistance (e.g. Normark and 29 Normark [2002] ), or resistance to pesticides (e.g. Chevillon et al. [1999] ). Better understanding 30 of evolutionary rescue is therefore critical in the context of global climatic change as well as in 31 environment changes gradually across space and/or time, increased dispersal generally decreases the probability of establishment of rescue mutations, but it increases the effective population size of 72 individuals that can contribute to evolutionary rescue [Kirkpatrick and Peischl, 2013] . Individual 73 based simulations of gradually changing conditions and divergent selection between two habitats 74 identified interactions of evolutionary rescue and local adaptation in a two-deme model [Bourne 75 et al., 2014]. These results suggest that gene flow is beneficial for population survival only when 76 divergent selection is relatively weak. These results were largely confirmed in a simulation study 77 of a 2D metapopulation [Schiffers et al., 2013] . regions can lead to gene swamping for high migration rates [Bulmer, 1972] , thus nullifying chances 86 of survival during environmental change across space. Under which conditions dispersal facilitates 87 evolutionary rescue in spatially or otherwise structured populations remains a key unresolved ques-88 tions, both theoretically and empirically.
89
In this article, we present an analytically tractable model with two demes that exchange migrants 90 and temporal change in environmental conditions. We focus on the case where the two demes 91 deteriorate at different points in time, such that gene flow between the populations influences 92 both the demographic as well as the evolutionary dynamics of evolutionary rescue. In the new 93 environmental conditions, growth rates are negative and the population faces eventual extinction.
94
We consider rescue mutations at a single locus and assume that they are counter-selected in the 95 original environmental conditions. We derive conditions for when gene flow facilitates evolution-96 ary rescue as compared to two populations without gene flow. We study the role of asymmetric 97 migration rates or asymmetric carrying capacities (both cases can lead to source-sink dynamics, 98 see Holt [1985] , Pulliam [1988] ), study the contributions of de novo mutations vs. standing genetic 99 variation, and investigate the role of local growth rates and density regulation within demes.
100
Model
101
We consider a population subdivided into two demes, labeled 1 and 2, with gene flow between them. now in the "new" state). In the deteriorated environment, wild-type individuals have absolute fitness w (n) w = 1 − r < 1, such that the population size in deme 1 declines at rate r. After θ 109 generations, deme 2 deteriorates too and local population size starts to decline at the same rate 110 as in deme 1. In the absence of adaptation to the novel environmental conditions both demes will 111 eventually go extinct. We assume that rescue mutations that restore positive growth rates in the 112 new environment occur at rate u per individual and generation, and we ignore back mutations.
113
The absolute fitness of a mutant individual is w (n) m = 1 + z in the new habitat. We assume that 114 the mutation is detrimental in the old environment and denote its carriers fitness by w
. We call r the environmental stress due to deterioration, and s and z are the selection 116 coefficients of the mutant allele in the old and new state, respectively. We will call "phase 1" the 117 phase in which the two demes have different environments (0 < t < θ) and "phase 2" the phase in 118 which both demes are deteriorated. Let P rescue denote the probability that a rescue mutation occurs and escapes genetic drift, such 121 that it will increase in frequency and eventually restore a positive growth rate and rescue the 122 population from extinction. To calculate the probability of rescue, one needs to take into account 123 two ingredients: (i) the number of mutations entering the population in each generation and (ii) the 124 probability of establishment of each single mutant copy in the population. In a single population,
125
one can write the probability of rescue as
where uN (t) is the expected number of mutations entering the population in each generation, and 127 p(t) is the probability that the mutation establishes and rescues the population [e.g., Gomulkiewicz
128
and Holt, 1995].
129
Evolutionary rescue can stem from standing genetic variation, with probability P sgv , or from de novo mutations, with probability P dn . We define de novo mutations as mutations that arose after 131 the first deterioration event occurred (that is, after time t = 0). We can thus write:
Mutations that occur before phase 2 (that is, after all demes are deteriorated) have different the probability of establishment is simply 2z [Haldane, 1927] . Thus, we get
We can then write
where f 0 is the frequency of rescue mutations in each of the demes at time t = 0. Similarly, the 148 total probability due to de novo mutations is given by
where we approximate the joint probability that a copy of the rescue mutation will occur in 150 generation t and then establish permanently by
To simplify calculations, we use that an integral. The probability of rescue from de novo mutations is then
Population dynamics
155
In order to calculate (6) and (7), we need to explicitly calculate N 1 (t) and N 2 (t) for t ≥ 0. We 156 model the population dynamics as continuous in time, as we did in (8), and further assume that 157 the mutation rate is low and neglect the number of wildtype individuals lost due to mutation.
158
We assume that population growth and density regulation keep population density in deme 2 at 159 carrying capacity, that is N 2 (t) = κ 2 , during phase 1. Population size in deme 1 then follows the
During phase 2, when both demes are deteriorated, N 1 (t) and N 2 (t) follow
where i, j ∈ {1, 2} and i = j. Solutions can be obtained straightforwardly -more details are given 163 in the supplemental material (Appendix A, equation (S4)).
164
Simulation model
165
We performed stochastic simulations to validate and extend our analytical findings. We filled a 166 habitat with 20'000 individuals divided into two demes, labelled i = 1, 2, with carrying capacities 167 κ i . We fixed the mutation rate at u = 1/K tot = 5 × 10 −5 , so that in a non-deteriorated habitat 
176
, i = j). Density regulation was applied only to deme 2 when t < θ (non-deteriorated deme),
177
and consisted in bringing the deme back to carrying capacity at the end of the generation. The 
184
Results
185
Probability of rescue if mutations are lethal in the old environment
186
We start by evaluating (2) for the symmetric case where κ 1 = κ 2 = κ and m 12 = m 21 = m/2.
187
Furthermore, we assume that the mutation is lethal in the old environment (s = 1), hence each 188 rescue event will result from a de novo mutation. This allows us to outline our main results in 189 a simple model and to provide some intuition about the involved mechanisms at play. We relax 190 these assumptions later. Figure 1A shows the the total probability of rescue (equation (2) 
as is shown in the supplemental material (Appendix B). Note that this includes the condition We show the total probability of rescue and its decomposition in terms of de novo mutations during phases 1 and 2, and standing genetic variation. Parameters are z = 0.02, s = 0.5, r = 0.5 and θ = 500.
in the environment to which they are not adapted to [Bulmer, 1972 , Lenormand, 2002 and Peischl, 2018].
240
Unless the selective disadvantage s of rescue mutations is very large, rescue mutations will generally 241 be present at low frequencies in the population before the deterioration of the environment. We 
For f 0 = 0, we recover equation (S7) in the supplemental material (Appendix B), which is in turn 251 approximated to (12). When f 0 increases, the left-hand part of (13) expectations for different values of s (with standing genetic variation). We notice disagreement 259 between simulations and calculations in particular for small values s. This is due to new mutants 260 that will spread so slowly that they will reach high frequencies only during phase 2, when both 261 environments are deteriorated. The contribution of these mutants to the probability of rescue, 262 however, is calculated through their probability of establishment in phase 1, which does not account 263 for the temporal change in fitness of rescue mutations at time θ. The discontinuity between 264 p (i) (t < θ) and p (i) (t > θ) causes our approximation to underestimate the probability of rescue,
265
especially for large migration rates.
266
Effects of the parameters of the model 267 Figure 3 illustrates the influence of various parameters on the probability of rescue. Increasing 268 z has the main effect of increasing the probability of rescue, because a more beneficial mutation 269 clearly has a larger chances of surviving ( Figure 3A) . At the same time, the optimal migration 270 rate (when it exists) increases with increasing z. The reason is that the critical migration rate 1. Figure 3D shows that decreasing the deleterious effect of rescue mutations s has a similar effect 282 on the probability of evolutionary rescue from de novo mutations as increasing θ. Decreasing s also 283 affects the critical migration rate beyond which gene swamping occurs [Bulmer, 1972, Tomasini 284 and Peischl, 2018] , but this effect is rather weak. 
294
Asymmetric carrying capacities and migration rates
295
We next consider the effect of asymmetric migration rates or asymmetric carrying capacities.
296
For better comparison, we introduce two new parameters ζ and β that measure the degree of 297 asymmetry:
299
Hence, the model is symmetric with respect to migration rates and carrying capacities if ζ = β = 300 0.5. For ζ < 0.5, migration from deme 1 to deme 2 is smaller, while the opposite is true when 301 ζ > 0.5. Figure 4A shows the probability of rescue as a function of m for different values of ζ. For 302 ζ = 0.9, deme 2 receives many more migrants than it sends out, as compared to the symmetric ζ also becomes apparent from the increase of the migration rate that maximizes the chance for 311 evolutionary rescue. Figure S4A and S5A show comparison with simulations for de novo mutations
312
and standing genetic variation with asymmetric migration rates.
313
We next keep migration rates symmetric, such that m 12 = m 21 = m/2, and investigate the effect 314 of asymmetries in carrying capacities. Figure 4B shows the probability of rescue as a function of 315 m for different β. We are going to call deme 2 "the reservoir", as during phase 1 it is left untouched 316 and it never gets extinct. We observe that a larger reservoir yields higher probability of rescue,
317
and viceversa. This is mainly due to de novo mutations during the second phase. Hence, chances 
where
Condition (16) generalizes conditions (11) and (12) (it is also easy to generalize condition (13), line of figure 4A ) we have 25 = s/z < F rθ = 450.
338
The role of density regulation
339
So far we have assumed that density regulation keeps the unperturbed deme at carrying capacity at 340 all times. This requires sufficiently high local growth rates so that any reduction of the populations 341 size due to emigration is immediately compensated by rapid growth within the unperturbed deme.
342
This has the advantage that we do not need to model density regulation explicitly and is the 
where ρ denotes the growth rate of the population. Differences between the two modes of density 
Note that in this calculation we neglect the number of individuals coming from deme 1 and all 370 the mutant individuals. The evolution of the individuals in deme 2 is calculated explicitely in the 371 supplemental material (see Appendix C, equation (S10)). Now, extinction occurs when N 2 (t) = 0 372 for some t > 0. This happens when
or when the product of the rate of growth and the rate of migration (loss) is smaller than 1. We 374 should note that relation (20) is a conservative limit. As we do not take into account the presence figure 5) . Ultimately, small growth rate ρ disrupts all effects due 384 to migration and allows gene swamping to occur more readily. This is sensible, as low growth rate means that there will be fewer individuals in deme 2 and migration is mainly detrimental to 386 the establishment of rescue mutations and also reduces the population size that can contribute to 387 evolutionary rescue.
389
Discussion
390
We studied a model for evolutionary rescue in a spatially structure habitat using recent analytical 391 results for establishment probabilities in structured populations [Tomasini and Peischl, 2018] . Our 
406
We showed that the probability of evolutionary rescue from de novo mutations will be max- is very harsh (large r). We then extended this result to account for the effects of standing genetic 416 variation, asymmetry in carrying capacities and the direction of gene flow between demes. Finally,
417
we investigate the details of density regulation and find that they strongly affect whether gene flow [Bell and Gonzalez, 2011] .
463
In our analysis, we assumed mutations that establish in isolation from other genetic events that 464 may interfere with the process (e.g. clonal interference, [Gerrish and Lenski, 1998 ]). Therefore, we 465 expect our results to hold in species reproducing sexually with strong recombination. By excluding 466 competition with concurrent mutations from our analysis, we expect this model to be less predictive 467 for organisms reproducing with low recombination rates -or for mutations occurring in regions with 468 low recombination rate. However, some of our results could still be valuable, as many of the effects 469 that we described depend strongly on ecological aspects (such as carrying capacities, growth rate, 470 migration rate) and evolutionary rescue focuses on relatively short periods such that co-segregation 471 of multiple mutations seems unlikely.
472
Our approach could help improve understanding some of the results found in experimental 
